Amphipods play important roles in the cycling of nutrients and energy in many aquatic systems where they display a wide range of feeding modes ranging from detritivore to predator. Although the biology of many amphipod species has been examined, little is known of hypogean amphipods inhabiting cave streams. Gammarus troglophilus is a stygophilic amphipod that co-occurs with the federally endangered stygobiont G. acherondytes in cave streams of the Salem Plateau Karst Region of southwestern Illinois. With the goal to establish a self-sustaining laboratory population of cave amphipods to obtain amphipods for lethality experiments, we tested hypotheses relating the survival and growth rates of G. troglophilus collected from cave streams to different laboratory conditions of food and water velocity. We used a series of microcosm experiments to test the hypotheses that survival and growth are not affected by type of water (cave water vs. amended water), water velocity (static vs. dynamic/recirculating), or the type of available food (sediment vs. sediment, leaf discs, and TetraMinH). We also tested if different food treatments affected the survival and/or growth of juvenile amphipods and newly released neonates in static chambers. Our results indicate that cave water was important for survival because no amphipods survived past 30 days in experiments with water amended to resemble cave water. The addition of food (leaf discs and TetraMinH) and water velocity affected survival but not growth rates in microcosm experiments. Food treatment (leaf discs vs. TetraMinH) did not significantly affect survival or growth rates of juvenile amphipods. However, leaf discs increased the survival and growth of neonate amphipods. Overall, survival was low in all experiments and further research is needed to examine the effects of handling stress on survival during experiments because amphipods left in stock tanks survived and grew well.
INTRODUCTION
Crustacean amphipods are common and widespread in aquatic ecosystems throughout the world (MacNeil et al., 1999) and are important in the cycling of matter and energy (Robinson and Mann, 1980; Howard, 1982; Karlson et al., 2007) . In many freshwater ecosystems, gammarid amphipods are often the dominant macroinvertebrate in terms of biomass and/or abundance (Shaw, 1979; MacNeil et al., 1999) . They display a range of feeding modes ranging from detritivores to grazers and predators/cannibals, while in turn they are important prey for fish and other macroinvertebrates (MacNeil et al., 1997; MacNeil et al., 1999; Wilhelm and Schindler, 1999) . Although much is known about crustacean amphipods in surface waters, little is known about the biology or ecology of amphipod species that live in cave ecosystems, or groundwater -the hypogean environment. Because these systems are light, and thus energy-limited (Hüppop, 2000; Graening and Brown, 2003) , the role of amphipods could be vastly different than in surface ecosystems. To adequately protect and make informed decisions about hypogean ecosystems requires that we understand the biology and ecology of species within them.
In southwestern Illinois, the Salem Plateau Karst Region (SPKR) extends from just north of East St. Louis south to the Shawnee National Forest. It is characterized by a high sinkhole density, as high as 90 sinkholes/km 2 (Panno et al., 1996) , springs, and caves resulting from the dissolution of carbonate rocks (limestone). The soil cover is thin, and recharge to the shallow groundwater is rapid and highly susceptible to contamination from livestock waste, row crop agriculture, and private wastewater treatment systems (Panno et al., 1996; U.S. Fish and Wildlife Service, 2002) . Farming and urbanization have been implicated as threats to the groundwater fauna of the region (U.S. Fish and Wildlife Service, 2002) . Cave stream ecosystems in the SPKR are often dominated by amphipods (Lewis, 2003; Lewis and Lewis, 2007) including Gammarus troglophilus Hubricht and Mackin, 1940 , a common stygophilic (aquatic, facultative cave organism) that co-occurs with the federally endangered stygobiontic (aquatic, cave obligate) amphipod, Gammarus acherondytes Hubricht and Mackin, 1940 , endemic to a 230 square kilometer area of the SPKR.
Gammarus acherondytes is the focus of a U.S. Fish and Wildlife Service recovery plan aimed to delist it by the year JOURNAL OF CRUSTACEAN BIOLOGY, 31(3): 424-433, 2011 2030 (U.S. Fish and Wildlife Service, 2002) . However, this will require tough management decisions including potentially setting minimum acceptable concentrations of constituents such as dissolved oxygen to ensure a suitable habitat for G. acherondytes. Because the species' life history, ecology, and role in its subterranean habitat have not been well-studied, setting such limits is difficult. Furthermore, because many populations of G. acherondytes are at a low density or declining, harvesting wild individuals for dose-response-type lethality experiments is not possible. Instead, a self-sustaining laboratory population from which individuals could be harvested to discover which environmental parameters and their bounds are crucial for its survival would be ideal. Continuous cultures of G. acherondytes also could provide individuals for potential reintroduction into habitats from which it is currently extirpated. Jenio (1980) , Taylor et al. (2003) , and Wilhelm et al. (2006) have demonstrated that G. acherondytes and G. troglophilus can be maintained in the laboratory for sufficient periods of time to conduct short-term experiments. Based on life history information obtained for G. acherondytes, Venarsky et al. (2007) suggested that a successful laboratory population of G. acherondytes could be established in approximately 1.5 years.
Because G. troglophilus is not endangered, but is very similar to G. acherondytes in terms of habitat occupied (Taylor and Webb, 2000) , apparent food selection and trophic position (Nelson, 2010) , it has been suggested as a surrogate species to develop protocols for the laboratory culture of G. acherondytes (U.S. Fish and Wildlife Service, 2002) .
Our objectives were to experimentally test hypotheses relating the survival and growth rates of G. troglophilus collected from cave streams to different laboratory conditions of water type, food, and flow to determine optimal conditions under which G. acherondytes should survive in a laboratory setting. Specifically, to test the hypothesis that survival and growth were not affected by type of water, water velocity, or the type of available food, we used a series of small microcosm experiments filled with natural cave water or amended water (amended to resemble cave water in regards to certain chemical constituents) under static or continuous flow with different food treatments (cave sediment vs. cave sediment, leaf discs, and TetraMinH fish flakes). Amended water was tested because of the potential desire to rear and perform experiments with cave amphipods away from a source of cave water. In addition, a rearing/ maintenance protocol may offer the chance to temporarily harbor fauna should a waterway in a cave be impacted, e.g., surface spill that could threaten cave fauna. In addition to these microcosm experiments, we also tested if different food treatments affected the survival and/or growth of juvenile amphipods (approximately 4 mm total length) and newly released neonates (approximately 2.5 mm total length). Few studies have compared growth rates of amphipods given different diets, especially those recently released from the brood pouch. Thus, our results will increase the understanding of amphipods inhabiting the groundwater of the SPKR. Furthermore, our outcomes will provide conservation personnel with strategies to rear the endangered G. acherondytes as well as shape recommendations to better manage karst habitat.
MATERIALS AND METHODS

Collection Sites
Gammarus troglophilus were obtained from Reverse Stream Cave in March 2009 and Spider Cave in June 2009 and February 2010 in the SPKR of southwestern Illinois. Reverse Stream Cave is a small cave with approximately 50 m of humanly enterable passage and a maximum ceiling height of 1 m. Technically, it is a karst window with access to the groundwater system that is part of a much larger system (Aley et al., 2000; Aley and Moss, 2001) . Stream width varied from 1 to 3 m, while depth varied from 0.05 to 0.5 m. The substrate was composed of large (3-10 cm diameter) gravel in the riffles and fine silt and sediment in the pools. The cave stream is fed from a small rise pool adjacent and upstream of the cave entrance. Due to the small size of the cave, the entire accessible portion of the groundwater system expressed in this cave is in the twilight zone.
Spider Cave is accessed via a 3.5 m deep pit entrance at the base of which is a wide, standing height stream passage. The ceiling lowers in both directions to approximately 1 m, 50 m up-and downstream from the entrance. The stream width varied from 1 to 2 m, while depth varied from 0.025 m to 0.5 m. The substrate varied from large breakdown boulders, to cobbles, gravel, and fine cave sediment. Collections were made approximately 20 m upstream of the pit entrance.
The stream fauna of both caves are similar to the fauna of other caves in the region. Based on census data (Lewis, 2003; Lewis and Lewis, 2007) , both caves contain G. acherondytes, G. troglophilus, and the isopods Caecidotea brevicauda (Forbes, 1876) and C. packardi Mackin and Hubricht, 1940 . Spider Cave also contains the flatworm Sphalloplana hubrichti Hyman, 1945 .
Collection of Amphipods
To collect G. troglophilus from the cave streams, a small aquarium net was placed vertically in the stream and the substrate just upstream of the net was gently disturbed. Amphipods disturbed from the substrate were carried into the net by the current. In addition, amphipods were collected opportunistically if encountered. The contents of the net were inspected and carefully placed into plastic holding containers filled with cave water. Amphipods identifiable as G. acherondytes and other invertebrates (isopods C. brevicauda and C. packardi; flatworm S. hubrichti) were carefully removed from the nets and immediately returned to the stream. Remaining amphipods were identified on site to species with the aid of a dissecting microscope and only G. troglophilus were collected, while G. acherondytes were returned to the stream. Retained amphipods were separated by eye into small, medium, and large body size and placed into 5 L plastic containers filled with cave water in a cooler for shipping via overnight courier to the University of Idaho in Moscow, Idaho.
Maintenance of Amphipods
Individuals of G. troglophilus were kept in 5 L glass aquaria filled with approximately 4.5 L of cave water and stocked with a bottom layer approximately 0.5 cm deep of small (5 mm to 10 mm diameter) aragonite (CaribSea, Inc.), 8 to 12 cave rocks of various sizes, and small amounts of cave sediment (approximately 15 g wet weight). Aquaria were equipped with single air stones set to release bubbles at a slow rate (20-50 bubbles/min) and food (TetraMinH fish flakes) was added ad libitum. Aquaria were housed in a temperature controlled room at 15uC under total darkness. Amphipods were kept in these aquaria for several days before the experiments began. Surface area to volume ratio in this set up was 10. We did not measure dissolved oxygen (DO) concentrations of the water in the stock tanks, but assumed that the air stone supplied sufficient oxygen replenishment. This assumption was made based on DO measurements made by Wilhelm et al. (2006) Table 1 for explanation), microcosm dimensions (101.6 cm L 3 11.5 cm W 3 6.5 cm D) were slightly larger than all other experiments (61.0 cm L 3 11.5 cm W 3 6.5 cm D). After experiments ASN and ADN, microcosms were shortened to make visual observations of amphipods easier and to shorten the time of disturbance when searching and locating individuals. Of the overall length, a 10 cm section of each microcosm was screened off with 500 mm-mesh Nitex to allow installation of the standpipe to control water level and prevent amphipods from exiting. To maintain total darkness and high humidity (high humidity to reduce evaporative loss) similar to cave conditions, microcosms were kept under a frame covered with 10 mil thick black construction plastic. All microcosms were housed on a bench in a walk-in temperature controlled room set at 15uC. Each microcosm was stocked with 12 to 15 rocks (10 to 200 mm in diameter, longest axis), a small handful of pebbles (, 10 mm in diameter, longest axis), and sediment (approximately 15 g wet weight) collected from the cave streams at the same time of amphipod collections. Sediment was first mixed with some cave water and filtered through a 1 mm-mesh sieve to remove particles . 1 mm.
We used static and dynamic water velocities to mimic pool and riffle sections of cave streams. In its native cave streams, G. troglophilus occupies both riffles and pools with fast and slow moving water, respectively (Taylor and Webb, 2000; Lewis and Lewis, 2007) . Static microcosms were initially filled with 3 L of water and aerated using a single 2.5 cm air stone. The surface area to volume ratio in this set up was 25. Dynamic microcosms consisted of the experimental flume directly above a reservoir and were initially filled with 5 L of prepared water. Water was re-circulated from the reservoir to the experimental flume with a small aquarium pump (Micro-Jet 320, Aquarium Systems, Inc.) at a rate of approximately 5.28 L/min. The surface area to volume ratio in this set up was 50. Approximately 1.5 L of cave water was maintained in each experimental flume that contained amphipods, while the remaining water was in the reservoir containing the pump. Half of the entire water volume in each microcosm was replaced biweekly to prevent build up of nitrogenous waste, replace any water lost to evaporation, and prevent large fluctuations in chemical concentrations.
We tested different treatment combinations of water source (native cave water vs. amended cave water), food addition (conditioned leaf discs and TetraMinH vs. no food), and water velocity (static system vs. dynamic/ recirculating system) in triplicate (Table 1) . Alkalinity in each experimental microcosm was measured approximately weekly using standard titration methods (Eaton et al., 2005 ) with a digital titrator (Hach Model 16900).
To test the hypothesis that water type (cave water or amended water) does not affect the survival or growth of G. troglophilus, we used native cave water collected at the same time as amphipods and returned to the lab in bulk, or ground water from Moscow, Idaho that was amended with Reef Builder (SeaChem Laboratories, Inc.) to increase alkalinity concentrations similar to those reported by Panno et al. (1996) and Taylor and Webb (2000) for caves of the SKPR. The Moscow ground water came from a University of Idaho well and had been tested at the University of Idaho Analytical Sciences Laboratory in Moscow, Idaho for alkalinity, hardness, and other trace elements prior to the start of the experiments.
To test the hypothesis that the survival and growth of G. troglophilus is not affected by type of food, we provided different food sources. These included cave sediment only (No food) or the addition of a mixture including red maple (Acer rubrum) leaf discs (7 mm diameter) and TetraMinH fish flakes (in addition to the cave sediment and rocks). Red maple was used because it is commonly found in forests of the SPKR. Also, skeletonized maple leaves (Acer spp.) are often found in cave streams of the Salem Plateau (Nelson, personal observation) . Leaf discs were conditioned for at least two weeks prior to the beginning of each experiment. Several studies have found that gammarid amphipods prefer and often survive better on leaves which have a viable fungal flora (Kostalos and Seymour, 1976; Bärlocher and Kendrick, 1975) . In addition, TetraMinH fish food has been used to rear amphipods successfully in the laboratory (DeMarch, 1981) . Ten leaf discs (approximately 0.100 g wet weight) and 0.075 g of TetraMinH fish flakes were added to the microcosms every 4-5 days. Uneaten food and skeletonized leaf discs from previous additions were removed when new food was added.
At the beginning of each experiment and at 30 day intervals thereafter, surviving amphipods from each experiment were photographed using a Canon A630 digital camera mounted on a Wild M3 dissecting microscope with trinocular head. We measured the head capsule length (HD) of each amphipod on digital images using ImageJ (Rasband, 1997) . Total length was estimated from the relationship:
Where: HD -head capsule length (mm), and TL -total length (mm) (Wilhelm et al., 2002) . Attempts were made to check survival more frequently (weekly), but this proved to be difficult without disassembling the microcosm and thus compromising the experiments.
Juvenile Amphipod Experiment.-To compare growth rate and survival of juvenile amphipods reared on different foods, 17 juvenile amphipods of similar size (approximately 4 mm total length) from a single amphipod stock tank were placed into individual 150 ml wide-mouthed glass flasks filled with 90 mL of cave water and randomly assigned to either leaf disc (n 5 8) or TetraMinH fish flake (n 5 9) food. The surface area to volume ratio in this set up was 40. The amphipods used in this experiment must have been released by a female (or multiple females) while in the stock tank because we did not collect amphipods of this size from cave streams. Amphipods in the leaf disc treatment were given one conditioned leaf disc (7 mm diameter, approximately 0.01 g wet weight) once a week, while those receiving TetraMinH were given 0.01 g of TetraMinH once a week. Old food was removed when new food was added and water was changed on a weekly basis. All jars contained one small rock (approximately 10 mm L 3 10 mm W 3 10 mm H) as shelter and the entire experiment was maintained in the dark at 15uC. To examine survival, each individual was checked weekly by carefully examining each amphipod for movement of pleopods. As a result of the weekly check, survival was recorded as the number of weeks surviving. At the beginning of the experiment and every two weeks thereafter, all surviving amphipods were photographed individually and measured as described above.
Neonate Amphipod Experiment.-To determine the growth rates and survival of newly hatched amphipods on different foods, 24 neonates were collected and separated immediately after release from a single gravid female amphipod from an amphipod stock tank. Neonates were placed in individual 100 mL wide-mouthed plastic sample jars filled with 80 mL of cave water. The surface area to volume ratio in this set up was 14. Each jar was randomly assigned to one of four food treatments: Control (C) (n 5 6) -no food or cave sediment. In the Disc (D) treatment (n 5 6), amphipods received one red maple leaf disc (7 mm diameter) once a week. Amphipods in the Sediment (S) treatment (n 5 6) received 0.005 g (wet weight) of sediment as food, while amphipods in the Disc + Sediment (DS) treatment (n 5 6) received 0.005 g of sediment and one leaf disc once a week. Water, sediment, and food were changed weekly. All neonates were given one small (approximately 10 mm L 3 10 mm W 3 10 mm H) rock for shelter. Amphipods were kept at 15uC in total darkness. Survival was checked weekly. At the beginning of the experiment and every two weeks after, each surviving neonate was measured as described above.
Statistical Analyses
Microcosm Experiments.-Because amphipods only survived past day 30 in the CSF and CDF experiments, they are the only experiments considered for full analysis. To compare the survival of amphipods in these experiments, we used a repeated-measures ANOVA with one between-subject factor (water velocity -static or dynamic) and one withinsubject factor (time -T1 5 Day 30 and T2 5 Day 60) (von Ende, 1993) . The treatment (water velocity) 3 time interaction was also considered. Percent survival data were arcsine square-root transformed to meet assumptions of normality and homogeneity of variance and for undertaking parametric tests with percent data. Growth rates were calculated using the following linear growth rate formula:
Where G is growth in mm day
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; S 2 is the mean TL in mm at time period t 2 ; S 1 is the mean TL in mm at time period t 1 . We used a linear growth rate formula because growth over the short period of time (60 days) was best represented by a linear compared to a specific (exponential or logarithmic) growth model. To compare growth rates over time between CSF and CDF, we used a repeated measures ANOVA with one between-subject factor (water velocity -static or dynamic) and one within-subject factor (time -T1 5 Day 1 to Day 30 and T2 5 Day 30 to Day 60).
Juvenile Amphipod Experiment.-To compare survival curves of juvenile amphipods between food treatments (leaf disc vs. TetraMinH), we used the non-parametric log rank test (Pyke and Thompson, 1986; Bewick et al., 2004) . The log rank tests the null hypothesis of no difference between survival curves (Bewick et al., 2004) . The test was performed in SASH 9.2 using the procedure ''PROC LIFEEST'' (SAS Institute, 2009).
Growth rates for individual juvenile amphipods were calculated using the linear growth rate formula because growth over the short duration of the experiment was linear rather than exponential. To compare growth rates of amphipods between food treatments, we used a repeated measures ANOVA with one between-subject factor (food) and one within-subject factor (time). We also considered the treatment (food) 3 time interaction.
Neonate Amphipod Experiment.-To compare survival curves of neonate amphipods among treatments, analyses followed the methods described for juveniles above. In addition, the number of weeks each individual survived was compared among treatments using an ANOVA followed by a Fisher's Least Significant Difference (LSD) multiple comparison test. Growth rates of individual neonate amphipods were calculated using the linear growth rate formula. To compare growth rates during the first two weeks of life among all four food treatments, we used an ANOVA followed by a Fisher's LSD multiple comparison. A test on the homogeneity of variances indicated that variances were unequal. Therefore, we log transformed the data before the ANOVA. Only one amphipod survived 28 days after release in each of the S and DS treatments. Therefore, we used a repeated measures ANOVA as above to compare growth rates of neonates between treatment C and Treatment D from day 1 to day 42 and omitted treatments S and DS from analysis. All statistical analyses were performed using SASH 9.2 (SAS Institute, 2009).
RESULTS
Microcosm Experiments
Survival of amphipods in experiments with different water velocity (static vs. dynamic), food additions, and water types was surprisingly low, with amphipods only surviving past Day 30 in the CSF and CDF experiments ( Table 2) . Analysis of the CSF and CDF experiments showed that survival declined over time (Table 3 ) and was related to water velocity (RMANOVA, P , 0.001), with higher survival in the static vs. dynamic microcosms (Fig. 1) .
The mean amphipod lengths of 10.1 mm 6 0.3 (SE) and 10.3 mm 6 0.3 in experiments CSF and CDF, respectively, at the start of the experimental period were similar (t test, d.f. 5 45, t 5 0.49, P 5 0.730). After the 60 days, the mean size had increased to 12.3 mm 6 0.5, and 11.9 mm 6 0.2 in the CSF and CDF experiments, respectively. Although the increase in mean size of 2.2 mm in the CSF experiment was larger than the 1.6 mm increase in the CDF experiment (Fig. 2) , water velocity did not have a significant effect on growth (RMANOVA, P 5 0.276, Table 4 ). Although alkalinity varied between experiments, concentrations using cave water were within the annual range recorded for caves in the Salem Plateau (Table 5) .
Juvenile Amphipod Experiment
Results of the log rank test indicated no difference in survival curves of juvenile amphipods between food treatments (d.f. 5 1, x 2 5 0.73, P 5 0.396). The average number of weeks amphipods survived was higher in the leaf disc treatment compared to the TetraMinH treatment, however, it was not significant (t test, d.f. 5 15, t 5 0.79, P 5 0.442) (Fig. 3) . In addition, the longest an amphipod survived in the TetraMinH treatment was 11 weeks while one amphipod survived 14 weeks in the leaf disc treatment.
The length of juvenile amphipods at the beginning of the experiment did not differ significantly between treatments (t test, d.f. 5 15, t 5 20.32, P 5 0.754) and ranged from 3.21 to 4.37 mm. Average individual linear growth rates for 0.00 6 0.00 0.00 6 0.00 5.4-10.1 5 ADF 0.00 6 0.00 0.00 6 0.00 6.1-10.6 5 CSN 0.00 6 0.00 0.00 6 0.00 4.6-10.6 5 CDN 0.00 6 0.00 0.00 6 0.00 6.2-10.9 5 (Table 6 ).
Neonate Amphipod Experiment
The log rank test indicated differences in neonate survival among the four food treatments (d.f. 5 3, x 2 5 9.31, P 5 0.03). ANOVA comparisons showed differences in the number of weeks that amphipods survived in each treatment (F 3, 20 5 4.56, P 5 0.014) with amphipods in treatment D surviving the longest (Fig. 4) . At the beginning of the experiment, total lengths of neonate amphipods ranged from 2.31 mm to 2.68 mm but did not differ between treatment (ANOVA, (Table 7) .
Dissolved Oxygen Concentration in Experiments
Although we did not directly measure DO in the above suite of experiments, the surface area to volume ration in all experimental set ups was between 1.4 to 5 fold higher than in the stock tank in which amphipods survived well and females even released young. These young also grew and survived well. Thus, it is unlikely that low DO concentrations occurred in the experiments or influenced results. In addition, Wilhelm et al. (2006) found that stock tanks set up in a similar manner maintained DO at saturation.
DISCUSSION
Amphipods have been successfully maintained in continuous culture for long periods of time for their use in toxicity tests (DeMarch, 1981; U.S. Environmental Protection Agency, 2000; McCahon and Pascoe, 1988; Nelson and Brunson, 1995; Othman and Pascoe, 2001 ). However, our results suggest that establishing a continuous culture of G. troglophilus and perhaps other cave amphipods may be difficult. Of our microcosm experiments, only those in which we supplied native cave water and food to Jenio (1980) found leaf material in 89% (n 5 76) of the G. troglophilus guts he examined, while in selection experiments he found that amphipods preferred elm over oak leaves. In addition, one of us (FWM unpublished data) has previously kept G. troglophilus from Illinois Caverns in the laboratory for over 1.5 yrs on a diet of pre-conditioned maple leaves. Although G. troglophilus may consume leaf material and TetraMinH in the laboratory, additional food sources that may be present in a cave environment or a neglected, i.e., not regularly cleaned culture tank, could be required to achieve maximum growth and survival.
Although gammarid amphipods are typically regarded as shredders under the functional feeding group (FFG) classification, they can exhibit a wide range of feeding strategies including cannibalism and predation (MacNeil et al., 1997; Kelly et al., 2002) . Stable isotope analysis of the food web in Spider Cave, Monroe County, Illinois suggests that G. troglophilus is an omnivore, consuming mostly FPOM and the isopod Caecidotea brevicauda (Nelson, 2010) . This suggests that animal protein may be an important food in the diet of G. troglophilus. Hence, we expected that TetraMinH, which includes animal protein, to provide a complete diet. Our results suggest that additional research is needed to investigate if the direct addition of animal protein in the form of another animal such as the isopod C. brevicauda to the diet of G. troglophilus would change its growth and survival in the laboratory. Alternatively, constant removal of accumulated unused food materials and concomitant removal of amphipod fecal pellets may have resulted in a microcosm that was too 'clean'. This presents a dichotomy for research in developing a rearing protocol. Leaving a tank(s) with amphipods undisturbed for long periods of time would not provide insights on trajectories of survival upon which to recommend optimum conditions. Fig. 4 . Average 6 SE number of weeks that neonate amphipods survived under different treatments. C 5 control group (no food, no sediment); D 5 leaf disc treatment; S 5 sediment treatment; DS 5 leaf disc + sediment treatment. Letters indicate similar means identified using Fisher's least significant difference (LSD). Fig. 5 . Average 6 SE growth rates of neonate amphipods during the first 14 days after release from the brood pouch given four different food treatments. C 5 control group (no food, no sediment); D 5 leaf disc treatment; S 5 sediment treatment; DS 5 leaf disc + sediment treatment. Means were log transformed for analysis (ANOVA) due to unequal variances and back transformed to calculate standard error. Letters indicate similar means. However, if disturbance and cleaning are detrimental to the culture of cave amphipods in the laboratory, such an approach may be necessary. The lack of survival in amended water suggests that for these amphipods, natural cave water or some chemical compound in cave water is necessary. Other researchers, e.g., Fong (personal communication, American University), have successfully cultured G. minus using commercially available spring water with dolomite added to increase alkalinity and hardness. However, Fong indicated in conversations that dieoffs happen for inexplicable reasons. It is unclear if the high mortality was natural mortality, mortality related to handling, or mortality related to the amended water. Had handling been the sources of our mortality, we would have expected the CSD and CDF experiments to have had the same mortality rates as the other experiments. They did not, suggesting handling was not the sole source of mortality. Our initial analyses of Moscow ground water showed that only alkalinity and hardness differed significantly from cave water (Nelson and Wilhelm, unpublished data) . We attempted to rectify this with the addition of ReefBuilder to increase alkalinity. However, it was difficult to maintain concentrations within the range reported for Illinois caves. Also, an element not analyzed may have been critical to survival. This deserves further investigation as it would be highly beneficial to make ''amended cave water'' in which cave amphipods could be reared.
In cave streams, G. troglophilus is found in riffles and pools with fast and slow moving water, respectively. In our experiments, survival of amphipods was significantly higher in static microcosms (CSF) than in dynamic microcosms (CDF). When collecting amphipods, we typically found more amphipods in pools compared to riffles (Nelson personal observations) . In addition, allochthonous detritus, composed of fine and coarse particulate organic matter (FPOM and CPOM, respectively) often accumulates in pools rather than riffles because of the lower velocity. Thus, pools may provide essential habitat for G. troglophilus and possibly other cave amphipods, including G. acherondytes. Not only may detrital material contribute to the diet of G. troglophilus and G. acherondytes, but it could also provide shelter. Our results with water velocity suggest that future rearing trials should be carried out under static conditions. The use of static microcosms also simplifies the experimental setup and reduces the probability of failure associated with relying on electrical power for recirculating pumps.
Our growth rate estimates for G. troglophilus in experiments CSF and CDF were similar to those found for other gammarid amphipods. For example, Venarsky et al. (2007) Fredette and Diaz (1986) reported laboratory growth rates of 0.6 mm day 21 at 14uC for Gammarus mucronatus Say, 1818. This range is not unexpected given the wide range of species and possible differences in their feeding habits, food sources and metabolic rates.
Growth rates of juvenile G. troglophilus varied considerably but were within the range calculated for G. acherondytes by Venarsky et al. (2007) . Because there were no significant differences in juvenile growth rates or survival between food treatments and leaf discs, and TetraMinH flakes were readily consumed, it is not possible to recommend one over the other for culture of juvenile G. troglophilus. Because the growth rate of neonates during the first two weeks after release was highest in the leaf disc treatment compared to the other food treatments suggests that leaves are an important food source. Although cave mud is a rich nutritional source for other cave amphipods (Dickson, 1979; Culver, 1985) , it is apparent that cave sediment alone is not a good growth medium for G. troglophilus in the laboratory.
It is well known that many bottom-feeding invertebrates use sediments from lakes, rivers, and streams as a food source (Hargrave, 1970) . Some troglobitic amphipod species have been observed feeding on cave sediments (Dickson, 1979) . Cave mud plays an important role in the diet of the amphipod Niphargus virei Chevreux, 1896. In the laboratory, young N. virei almost always die before maturity unless clayey mud is present (Dickson, 1979; Culver, 1985) . However, the same clayey mud does not supply sufficient nutrition for adults (Culver, 1985) . Adults of the species appear to need allochthonous organic material as well. In contrast to studies on the amphipod N. virei, Dickson (1979) found the survival of juvenile Crangonyx antennatus Cope and Packard, 1881 in the laboratory to be independent of the presence of cave sediments. Although C. antennatus readily consumed cave sediment in its natural environment, it was a poor growth medium in the laboratory (Dickson, 1979) . In growth experiments, Dickson (1979) did not find differences in growth rates between trials of leaves versus cave sediment, but final body lengths were greater for amphipods receiving leaves. As well, in food preference experiments, C. antennatus selected leaves over cave sediment. Similarly, in laboratory feeding experiments, Kostalos and Seymour (1976) reported that the diet of Gammarus minus Say, 1818 was based on detritus and the fungi associated with the detritus. In preference experiments with 10 diets differing in composition of detritus-microflora complexes, G. minus preferred leaves with a viable flora of fungi. These also provided the highest survivorship. Thus, fungi comprise an important nutritive component in the diet of G. minus and may well be important to G. troglophilus as well. Work on the diet of the amphipod G. pseudolimnaeus by Bärlocher and Kendrick (1975) also supports the idea of the importance of fungi. Through assimilation efficiency experiments, Bärlocher and Kendrick (1975) showed that G. pseudolimnaeus assimilated up to 90% of the fungal protein while only 14-18% of the leaf protein was assimilated. In addition, preliminary experiments by Hargrave (1970) showed that sediment held in the laboratory for longer than several days was not ingested as rapidly as freshly collected sediment. The sediment used in our experiments had been collected several days or weeks prior to the beginning of the experiments. This may have decreased the desirability of the sediment to the amphipods and should be examined in future studies.
We were somewhat surprised by the lack of survival in any of the neonate experiments with different foods. However, other studies have reported high mortality among neonate amphipods. For example, Jenio (1980) reported approximately 65% mortality in G. troglophilus before the first molt and only 15 of 100 immature G. troglophilus survived to a size of 10.1 mm in length, which he estimated as adult size. In our study, dead neonate amphipods were often found half in and out of the exoskeleton, suggesting that problems during ecdysis were a major source of mortality. Sample jars containing neonate amphipods were only provided with one small rock. However, we have noted that amphipods may need a rocky substrate with a variety of rock sizes to molt properly as this has been observed in other amphipod species as well. Given the high mortality of young, the high number of young produced per female (2 to 22 per brood, Jenio, 1980) , and the scarcity of adults in cave streams, high mortality in G. troglophilus may be common. Alternatively, because neonates in our experiment came from a single female, survival may have been related to the small genetic pool represented versus that available in a natural cave ecosystem. However, the lack of abundant gravid females in caves of the SPKR means that newly released neonates are relatively scarce. In addition, it would be nearly impossible to identify neonates collected from the wild to species. Thus growth experiments focused on neonates are limited to those released in the laboratory from gravid females. Complete mortality in the neonate experiment was not observed in the control treatment (C) until 8 weeks after release from the female's brood pouch. However, no neonates survived longer than 7 weeks in our food addition treatments. Survival of the control group that was not provided any food may indicate a possible microbial diet or coprophagy by neonates similar to that reported for older individuals feeding on leaf microflora (see above). Coprophagous activity has been reported in young of the troglobitic amphipod Crangonyx antennatus (Dickson, 1979) and other crustaceans (Frankenberg and Smith, 1967; Frankenberg et al., 1967) . Thus, success with leaf discs and TetraMinH may not be related to the 'food' per se, but rather the 'food' may serve as a substrate for microbes that are the focus of the amphipod diet. This is akin to the cracker and peanut butter analogywhere what researchers think of as food, in this case the leaf disc, in reality only serves as a vehicle (cracker) for the transfer of microbes (the peanut butter) that are the source of the energy and focus of the animal's diet. Thus, further examination of the microbes associated with cave stream detritus and food preference experiments using G. troglophilus are needed to fully understand their dietary needs.
CONCLUSIONS
Further examination of diet is required to determine if G. troglophilus can be cultured in a laboratory setting. Overall, the survival of neonate and juvenile amphipods was low. We were unable to rear neonates and juveniles to a length of 10.1 mm, the minimum length considered for maturity (Jenio, 1980) . Jenio (1980) found that it took 30 weeks for cultured immature amphipods to reach this size. Seven weeks was the longest any neonate survived in our experiments. However, the juveniles we found in the stock tank and used in the leaf disc vs. TetraMinH experiment were approximately 4 mm when we first discovered them. Based on neonate and juvenile growth rate estimates, it could have taken anywhere from 6 to 16 weeks after release from the brood pouch to reach that size, with somewhere in the middle being more likely. During that early growth period, the amphipods had access to small aragonite, cave sediment, and TetraMinH fish flakes. It is impossible to know if those juveniles would have survived longer had they been left alone rather than handled for experimental purposes. Therefore, it is still unclear if, or to what degree handling affects the survival of young G. troglophilus. Regardless, we may be missing an important component in the diet of young amphipods. Results from the stable isotope analysis (Nelson, 2010) suggest that amphipods in caves are omnivorous. The general lack of food in cave ecosystems dictates omnivory in many species (Gibert and Deharveng, 2002) . Although the TetraMinH diet should have been complete, as it is designed to provide a full complement of dietary needs (carbohydrates, proteins and lipids), it may be possible that cave amphipods have more specialized needs or require certain foodstuffs in different quantities than available in TetraMinH flakes. This deserves further investigation.
